The study objective was to assess the severity, progression rate, and risk factors for aortic root dilatation (ARD) in pediatric tetralogy of Fallot (TOF) and to study its relationship to complications including aortic regurgitation.
T
etralogy of Fallot (TOF) is the most frequent cyanotic heart defect in infancy with generally excellent surgical outcomes in the current era. 1 Aortic root dilatation (ARD) occurs in 15% to 88% of TOF patients, depending on the definition used. Growth of the aortic root has been reported to be disproportionate to somatic growth after TOF repair. 2 The increased aortic dimensions in TOF patients have been attributed to increased aortic flow during fetal life and before corrective surgery. As blood flow normalizes after surgical repair, other factors such as an underlying aortopathy could potentially explain progressive ARD, similar to patients with bicuspid aortic valve (AoV) and Marfan syndrome. [3] [4] [5] Progressive ARD may lead to aortic aneurysm, dissection, and rupture later in life. Although the incidence of these complications is not completely defined, it seems low based on clinical experience. Progressive aortic regurgitation (AR) has been reported in adults after TOF repair. 2, 6 Rarely, surgical reintervention, including AoV or aortic root replacement, may be required. [7] [8] [9] [10] Therefore, noninvasive follow-up of aortic root size and AR is important in this population, but normative echo data for aortic dimensions and AoV function in patients with repaired TOF are scarce. 11 Clinical predictors of progressive ARD and AR would be beneficial to be able to identify patients at risk for these complications. 2, [12] [13] [14] However, although potentially important for long-term follow-up, the severity of ARD, its rate of progression, and its impact on progressive AR have not well been studied. Furthermore, predictive factors for ARD and AR have not been recently studied in a large pediatric TOF population. Accordingly, the purpose of this study was to assess aortic root dimensions pre-and post-operatively and to study the rate of progression over time. We additionally sought to identify factors associated with ARD and AR.
METHODS

Study Design and Population
This is a single-center retrospective cohort study performed at the Hospital for Sick Children in Toronto, which included patients with a diagnosis of TOF followed between 1989 and 2014. We excluded patients with associated significant congenital heart defects (eg, atrioventricular septal defect) and patients without at least 1 echocardiographic evaluation after surgical repair of TOF. As a control group, we included the echocardiographic measurements of 304 healthy subjects from our database. These controls were recruited under a separate research ethics board protocol as healthy volunteers or otherwise healthy children being evaluated for an innocent murmur. All controls had a normal history, 12-lead ECG, and echocardiogram. Patient-specific data were collected from the medical record to determine risk factors associated with the development of ARD and AR and to identify outcomes including aortic-related mortality and surgery. Demographic and surgical characteristics were obtained from the medical record. Available echocardiographic studies at the following time points were reviewed: pre-operative (closest to the surgical date), early post-operative (within 3 months and after 1 year), and later follow-up (at 4-6, 7-9, 10-12, 13-15, and 16-18 years of age). The study was approved by the institutional research ethics board (No. 1000047153) with waiver of informed consent. The data and analytic methods will be made available to other researchers for the purposes of reproducing the results or replicating the procedure.
Echocardiography
Echocardiographic examinations were performed on Philips (Philips Medical Systems, Best, The Netherlands), General Electric (GE Healthcare, Wauwatosa, WI), or ATL HDI 5000 (Bothell, Washington) ultrasound systems. Given the 25-year span of the study, multiple iterations from these vendors were used and images were reanalyzed offline for the purposes of this study using Syngo Dynamics version 10B (Siemens Healthcare, Erlangen, Germany) by 1 observer (1 year of experience) and subsequently remeasured by a second observer (5 years of experience).
Echocardiographic data were analyzed to assess the degree of ARD, rate of progression during follow-up, and degree of AR. For this, 2-dimensional echocardiography studies were retrospectively reviewed for aortic dimensions and degree of AR. 15 Aortic root dimensions were measured in a parasternal long-axis view in systole at the levels of the annulus of the AoV, the sinus of the Valsalva (SoV), the sinotubular junction, and the proximal ascending aorta (AscAo)-at the level of the right pulmonary artery (Figure 1) . 16 Aortic diameters were normalized for height and weight and expressed as
CLINICAL PERSPECTIVE
Tetralogy of Fallot (TOF) is the most frequent cyanotic heart defect in infancy with excellent surgical outcomes in the current era. Aortic root dilatation is frequently present and has been attributed to increased aortic flow during fetal life and before corrective surgery, as well as an underlying aortopathy. Progressive aortic regurgitation has also been reported in adults after TOF repair. The present study evaluated the severity and evolution of aortic root dilation and aortic regurgitation in childhood after TOF repair. The findings demonstrate that the aortic root is enlarged in the majority of pediatric TOF patients at baseline and during follow-up. However, aortic root dimensions remain stable in the vast majority of pediatric TOF population and even mildly regress over time. Aortic rootrelated morbidity is low, with only 2 TOF patients in the entire cohort undergoing aortic surgery. Importantly, as progressive aortic root dilatation is difficult to predict and as there are no clearly identified risk factors for complications, follow-up of aortic root dimensions remains warranted after repair of TOF.
Z scores based on previously proposed equations. 17 The rate of progression of aortic diameters over time is expressed as Z score unit of change per year. Severity of AR was assessed by the proximal regurgitation jet width in parasternal longaxis views, the presence of diastolic flow reversal in the aortic arch or descending aorta, and the degree of left ventricular dilation. 16 Left ventricular dimensions and systolic function were determined in the parasternal short-axis view. For comparison, patients were categorized into 3 subgroups: patients with standard TOF, TOF with double outlet right ventricle (diagnosis of TOF with >50% aortic override across the ventricular septal defect), and TOF with pulmonary atresia. Interobserver variability for the measurements of AoV, SoV, and AscAo dimensions was assessed in 100 randomly selected studies between 2 blinded independent reviewers (both with 1 year of experience) and subsequently checked by a second observer (5 years of experience).
Statistical Analysis
All analyses were performed with SAS version 9.4 (SAS Institute Inc, Cary, NC). Continuous variables were expressed as mean±SD when normally distributed and as median and interquartile range (IQR) when non-normally distributed. Normal distribution was assessed visually (probability plot) and using the Shapiro-Wilk test. To assess and compare the rate of progression of aortic dimension Z score over time, we used a longitudinal mixed model analysis with random effect. The covariance structure was selected to account for repeated measurements over time with uneven time intervals between measurements. The subjects' age at echocardiography was used as the independent variable to measure Z score change over time. We used interaction terms with the subject's age to assess the effect of independent variables on the rate of change of Z score over time. Bland-Altman analysis and intraclass correlations were used to assess agreement between 2 blinded independent reviewers. A P value <0.05 was considered statistically significant.
RESULTS
Population
A total of 768 TOF patients and 304 controls were included in this study. Control subjects had a median age of 12.1 years (IQR, 5.7-15.0 years), and 50.3% were males. TOF subjects' characteristics are detailed in Table 1 . Among TOF patients, 592 (77.1%) had usual TOF morphology, 41 (5.3%) were described as double outlet right ventricle TOF type, and 135 (17.6%) had TOF/pulmonary atresia. Overall, the median age at surgical repair was 6.1 months (IQR, 4.5-11.3 months). Patients born after 2010 had their repair done at a lower median age of 5.3 months (IQR, 3.9-6.7 months). The median follow-up was 3.7 years (IQR, 0.5-6.9 years) for a total follow-up of 3002 patients-years. There were 462 patients with at least 2 years of follow-up (median follow-up of 6.4 years with an IQR, 4.6-8.1 years). A total of 2241 echocardiograms in TOF patients were available for analysis.
Aortic Dimensions
Control subjects had mean AoV annulus dimension of 1.73±0.36 cm (mean Z score −0.15±1.15) and a mean AscAo diameters of 2.02±0.47 cm (mean Z score of −0.32±1.03). AoV and AscAo absolute dimensions and Z scores according to TOF subtype are presented in Tables 2 and 3 . The mean AoV diameter at the first postoperative echo was 1.24±0.31 cm (mean Z score 3.3±2.7). The mean maximum Z score reached during follow-up for the AoV annulus diameter was 3.6±2.9. Similar results were found for AscAo, although Z scores were lower than that of AoV annulus (Table 3 ). For the entire cohort, the Z score at the 99th percentile limit for AoV, SoV, and AscAo was 10.3, 7.1 and 8.5, respectively.
TOF patients had larger AoV and AscAo diameters and Z scores when compared with controls. The mean differences in Z score diameters between TOF patients and controls were 3.63 Z score units (SE=0.32; P<0.0001) and 1.80 Z score units (SE=0.24; P<0.0001) for AoV annulus and AscAo, respectively. Figure 2 shows the trends of Z score according to age for AoV annulus and AscAo (only TOF patients with >2 years of follow-up are displayed to improve clarity). Figure I in the Data Supplement shows the trend for all individual measurements. The mean rate of progression of AoV Z score during follow-up is shown in Table 4 . For AoV annulus, there was a mean slight decrease of 0.092 Z scores unit per year (SE=0.010; P<0.0001) during follow-up. This trend was marginally but significantly different from control subjects. Despite this negative slope of Z scores over time for AoV, the mean maximum Z score for AoV was higher than the mean Z score at the first postoperative echocardiogram (Table 2 ). This can be explained by the fact that maximum Z scores were reached relatively early during follow-up with a subsequent decrease, yielding an overall decrease in Z score over time.
Progression in Aortic Dimensions
For AscAo, there was a mean slight increase of 0.041 Z score units per year (SE=0.008; P<0.0001) during follow-up. This trend was marginally but statistically significantly different from control subjects. Differences in trends were observed according to diagnosis, but these differences were not clinically significant (Table 4) .
A rapid increase in Z score, arbitrarily defined as >1 Z score unit per year, was observed in <1% of patients. There was no association between the rate of progression and the maximum Z score reached during followup for AoV diameter (P=0.35). There was a negative association between the Z score at the first postoperative evaluation and Z score change over time (estimate, −0.036; SE=0.006; P<0.001), indicating that higher Z scores after repair tended to decrease over time. Similar results were observed for the SoV and AscAo Z scores. Having a larger aorta did not predict more progression in ARD over time. Stratification for TOF subtype did not reveal different trends.
Aortic-Related Mortality and Surgery
No-aortic related mortality was observed in this cohort, even in those patients with severe aortic dilatation. There were only 3 patients with more than mild AR, of whom one had Kabuki syndrome and one 22Q11 deletion. We identified only 2 TOF patients who underwent aortic root repair: 1 a Konno operation and 1 repair of aortic dissection at the age of 8.3 years and 9 months, respectively. The Konno repair was performed for moderate subvalvar aortic stenosis (mean gradient, 45 mm Hg), whereas the patient with aortic dissection had Data are expressed as mean values±SD or n (%). AoV indicates aortic valve; DORV, double outlet right ventricle; PA, pulmonary atresia; and TOF, tetralogy of Fallot. an aortic annulus of 1.56 cm (Z score 4.8) before dissection without AR. Aortic root dimensions before dissection and the location of dissection were unavailable in this patient. The initial TOF repair in these 2 patients had taken place at 8 and 5 months of age, respectively. Both patients had a normal genetic profile without associated lesions. No adverse events were observed in patients with rapid progression of ARD.
Interobserver Agreement
The interobserver intraclass correlation was 0.96, 0.98, and 0.92 for AoV, SoV, and AscAo diameters, respectively. Mean errors were 2.9%, 2.0%, and 4.7% for AoV, SoV, and AscAo diameters, respectively. Bias was <0.01, 0.03, and 0.06 cm for AoV, SoV, and AscAo diameters, respectively.
DISCUSSION
Although the high prevalence of ARD in patients with repaired TOF is well established, 18, 19 the degree of ARD and AR and the predictive parameters for ARD and AR progression have not been well studied in a large pediatric TOF cohort. The present study evaluated the severity and evolution of aortic root dilation in childhood after TOF repair and conveys the following 3-major findings in our understanding of aortic sequelae after TOF repair:
1. The aortic root is enlarged in the majority of pediatric TOF patients at baseline and during follow-up. 2. Aortic root dimensions remain stable in the vast majority of pediatric TOF population. 3. Aortic root-related morbidity is low in pediatric TOF patients, with only 2 patients undergoing aortic surgery in our cohort.
Aortic Dimensions
Pediatric TOF patients demonstrated increased aortic dimensions at all levels of the aortic root and AscAo before correction, immediately after surgery and during follow-up at all time points. Increased aortic dimensions also varied according to TOF subtype, which is in line with Marelli et al 20 who reported that in TOF patients, ascending aortic dilatation correlates inversely with the degree of right ventricular outflow tract obstruction, being largest with pulmonary atresia. The association between aortic dimensions and TOF subtype has been explained by abnormal morphogenesis of the aorta related to increased aortic flow from right to left shunting across the ventricular septal defect and the overriding aorta. Volume overload may be further exacerbated by AR if present, which introduces increased pulsatile flow volume that may exacerbate dilatation.
20,21
Progression of Aortic Dimensions
Our findings demonstrate that in the vast majority of TOF patients, aortic root dimensions remain stable over time and even show mild relative regression during follow-up. Reports on size evolution of the aortic root early after TOF repair are limited, in contrast to adult TOF studies after late repair. 18, 19, 22 Nonetheless, Bhat et al 23 demonstrated complete normalization of the aortic root dimensions in 43 TOF patients after 7 years of follow-up who were repaired during infancy, hypothesizing that early repair of TOF might prevent late aortic dilatation. In keeping with these findings, François et al 24 reported regression of aortic root dimensions in 88 Figure 2 . Aortic valve and ascending aorta diameter Z score according to age for tetralogy of Fallot subjects (blue) and healthy controls (red).
The thin blue line identifies individual tetralogy of Fallot subjects, the red markers identify control subjects, and thick lines identify mean trends. patients within 7 years after early TOF repair, most pronounced at the aortic annulus and sinotubular junction, although regression of the aortic sinus seemed to be slower but consistent. Importantly, our study found a decrease, but not normalization, of aortic root dimensions at all levels. Consequently, our results do not support complete reverse remodeling, which could be explained by the complex pathophysiology of ARD. As discussed above, the increased aortic dimensions are commonly attributed to hemodynamic abnormalities. Chong et al 2 reported progressive dilatation of the proximal aortic root disproportionate to somatic growth even after TOF surgery, suggesting that intrinsic aortopathy may also play an important role in the mechanism of aortic root dilation. This theory is supported by evidence of aortic wall abnormalities and elevated blood markers similar to those found in bicuspid AoV disease and Marfan syndrome. 1, 3, 19 Increased arterial stiffness in patients with repaired TOF may also promote progressive ARD in the long term. [24] [25] [26] The multifactorial cause of ARD may also explain why progressive ARD was found in a small subset of our patient population despite early surgical repair. The aortic root may dilate insidiously, and in our pediatric TOF cohort, no predictors of ARD or AR were identified. In an adult study, pulmonary atresia, right aortic arch, and a longer shunt to repair interval were associated with progressive ARD. 18 However, a small sample size of patients with ARD was studied and the aortic root size before and early after TOF repair was not reported. Likewise, surgical repair was performed at a later age, often after a palliative shunt, in contrast to the contemporary approach of full surgical repair in the first year of life.
Aortic-Related Mortality and Surgery
Reported complications of progressive ARD after TOF repair include AR, aneurysm formation, and even dissection. Niwa et al 18 reported that 13% of adult TOF patients with a dilated aortic root had moderate or severe AR. Similar to the 13.6% found by Mongeon et al 19 in a more recent study of ARD in adults with surgically repaired TOF. Contrary to these results, our study indicates that AR is uncommon in the pediatric TOF population and does not represent an important morbidity in most patients. Recent improvements in surgical technology and perioperative management may be partially responsible, as TOF repair is currently performed at a younger age and-as suggested by Bhat et al 23 -this could positively affect the incidence of progressive ARD. Whether AR continues to be infrequent during longer follow-up remains to be seen and warrants further research.
Beyond AR, the overall risk of other serious complications including dissection and rupture of the aorta is low, with only 3 case reports of aortic dissection described thus far. [27] [28] [29] In accordance with these findings in adult patients, our study illustrates that progressive dilatation does not seem to be a significant problem in children and that aortic-related complications are rare, with no aortic-related mortality during follow-up. However, these overall reassuring results must be interpreted with caution. There was nonetheless 1 case of aortic dissection in our cohort, which is a potentially life-threatening complication. Likewise, the apparently low prevalence of aortic-related complications in this childhood cohort may be related to the fact that there was no follow-up available into adulthood, and as mentioned above, the advances in perioperative care may delay aortic-related complications to later in life.
Limitations
Limitations of this study are inherent to its single-center and retrospective design. As discussed above, data on aortic root dimensions into adulthood were not available, so any potential progression of findings beyond 18 years of age could not be documented. However, a longer period of observation to assess if predictors of progressive ARD exist and to identify outcome into adulthood is warranted. Although this is by far the largest pediatric cohort studied to date, the subgroup of TOF double outlet right ventricle was small.
We found large variations in AoV Z scores for some subjects, mainly in young children. The SD of AoV dimension in healthy younger children is narrow. Therefore, enlarged valve annulus in ToF yielded important Z score variations in the first 2 years of life. It is possible that such large variations of Z scores may overestimate the degree of change of valve dimension in children <2 years of age.
Conclusions
This study shows that ARD is a frequent finding in repaired pediatric TOF, although body size adjusted aortic root dimensions remain stable and even mildly regress in the majority of patients. Moreover, aorticrelated complications are rare in pediatric TOF. However, as progressive ARD is difficult to predict and there are no clear risk factors, follow-up of aortic root dimensions seems warranted after repair of pediatric TOF in the current era.
